We report second-harmonic magneto-optic Kerr measurements on air-exposed, polycrystalline Ni 81 Fe 19 thin films, ranging in thickness from 1 nm to 2 m, on Al 2 O 3 coated Si ͑001͒. For samples thicker than 20 nm, in the transverse Kerr geometry, we observe a factor of 4 change in second-harmonic intensity upon magnetization reversal. For thin samples, we observe interference between second-harmonic fields from the various interfaces and deterioration of ferromagnetism in the 1 and 2 nm films. Modeling suggests that the Ni 81 Fe 19 /Al 2 O 3 interface has a larger second-order susceptibility than the air/Ni 81 Fe 19 surface. © 1996 American Institute of Physics.
For magnetic systems, the second-harmonic magnetooptic Kerr effect ͑SH-MOKE͒ has recently demonstrated potential for characterizing the magnetic properties of surfaces and buried interfaces. [1] [2] [3] [4] [5] Rasing and collaborators have used multilayers of Co/Au to demonstrate SH-MOKE's interfacial specificity and have shown that the technique can be a sensitive probe of magnetic properties. [2] [3] [4] [5] In this letter, we report a study of SH-MOKE in Ni 81 Fe 19 , an important material in magnetic device applications and in prototype giant magnetoresistance ͑GMR͒ multilayers. Our results demonstrate a large SH-MOKE signal for NiFe alloy systems and indicate that the technique may be of importance in characterizing the magnetic properties of buried interfaces between NiFe and other materials.
Our Ni 81 Fe 19 layers are representative of those employed in magnetic recording applications: They are polycrystalline and were fabricated by rf diode sputtering on 3 in. ͑001͒ Si substrates without intentional substrate heating, except for the 2 m sample, which was electroplated. Substrates were precoated with 200 nm of sputtered amorphous Al 2 O 3 to remove substrate orientation effects and produce a smooth surface. The samples span a thickness range from 1 nm to 2 m.
The experimental geometry for our SH-MOKE measurements is shown in Fig. 1 . The samples are excited with a mode-locked Ti:sapphire laser tuned to operate at a wavelength of 809 nm. The laser pulse width was approximately 50 fs as measured using an autocorrelator. The beam was focused to a diameter of ϳ50 m and had a peak power density at the focus of ϳ3 GW/cm 2 . The excitation beam from the laser is horizontally polarized with an extinction ratio of roughly 300:1 and passed through a half-wave plate to permit polarization rotation. The light reflecting off the sample was passed through two filters to block the fundamental beam. To detect the second-harmonic light, we use an ''IR-blind'' photomultiplier tube ͑PMT͒ with a sensitivity of Ͻ1% at 809 nm.
In this letter, we describe SH-MOKE measurements in the ''transverse'' geometry, shown in the Fig. 1 inset. Here, the incident excitation beam is polarized with the electric field vector in the plane of incidence ͑p-polarized, shown as the x-z plane͒; the film magnetization, M, is saturated with an external magnetic field in the y direction. We verified that the SH signal from our samples is p-polarized with an extinction ratio of typically 50:1. The SH signal arises from the nonlinear response of the electrons to the applied field; it is mediated by a 27 component third rank tensor, i jk (2) . In a SH-MOKE experiment, one studies how the tensor elements vary with M. that are unchanged by reversal of M and elements that change sign upon reversal. Thus the second-harmonic intensity has terms that are invariant upon reversal of M and others that change sign. The result is an M-dependent intensity.
In found for linear MOKE. 6 The SH-MOKE signal is simple to detect and offers an easily implemented way to study Ni-Fe films. Second, we note the increase in total SH intensity and the fact that I Ϫ becomes the ''bright'' state for films below 10 nm. These effects, which arise for films thinner than the optical penetration depth, are likely due to SH contributions from the buried interfaces.
Also, we can qualitatively see the deterioration of ferromagnetism in the thinnest films: There is a small M-dependent change in intensity for the 2 nm films. The M-dependent signal at 1 nm is below the experimental noise floor, indicating little or no ferromagnetic response for these very thin air-exposed films. We have verified that the loss of SH-MOKE, which is consistent with the observed suppression of ferromagnetism in thin NiFe-alloy films due to oxidation, 7 indeed correlates with the loss of ferromagnetism, using vibrating-sample magnetometry.
This type of qualitative information regarding the existence and strength of ferromagnetic response along with the large intensity changes upon reversal of M suggest that SH-MOKE can easily be applied to study any physical effect that influences M. We now discuss the analysis of the data shown in Figs. 2 and 3 to provide quantitative information regarding i jk (2) , and thus the interfacial magnetic properties of the Ni 81 Fe 19 films. Generally, the reduction of optical reflectivity data to optical susceptibility is model dependent. The success of the reduction is, therefore, dependent on how closely the model corresponds to the actual system. Our analysis assumes parallel, planar interfaces and uses tabulated bulk indices. It semiquantitatively explains the observed thickness dependence; it also illustrates the type of data reduction that is required to realize the potential of SH-MOKE for quantitatively understanding interfacial effects.
A detailed multiple reflection theory for SH-MOKE has been developed by Wierenga et al. 8 Si, n(809 nm)ϭ3.70ϩi0.008] 9-11 to determine the fundamental fields E (1) (2) were included in the model.
As we discussed above, the terms in (2) (n) are of two classes: There are terms that arise from processes independent of or even in M and terms that are odd in M. Within our model, the phases of these terms for the two Ni 81 Fe 19 interfaces differ by 180°due to an approximate mirror symmetry. A phase difference also exists between the even-and oddsymmetry terms. It is expected to be 90°in the absence of dissipation; in a real material, dissipation shifts this phase away from 90°. 8 Finally, we used only two of the possible nonzero susceptibility elements: The first, XXX (2) , is an odd-symmetry element, while the second, ZXX (2) , is even. 12 These elements are preferentially excited because the x-directed fundamental electric fields inside the multilayer exceed the z components by roughly an order of magnitude due to refraction. We constrained the parameters to fit the 2 m Thus, the buried interface has better SH properties than the top interface, likely due to increased nonlinearity ͑sharper interface͒, larger M, or a combination of these effects. With further modeling of the susceptibility elements, it may prove possible to determine the relative importance of these and other contributions to the nonlinear process.
Understanding the magnetic properties of Ni-Fe interfaces is important for future device applications: Modern field sensor heads, prototype Ni-Fe/Ag multilayer sensors, and spin-valve GMR materials all involve multilayers of Ni-Fe alloys and nonmagnetic spacer materials.
14,15 Our results for Ni 81 Fe 19 film structures indicate that the SH-MOKE signal in these air-exposed Ni 81 Fe 19 films is large and can be easily used as a qualitative measure of interfacial ferromagnetism. The quantitative determination of interfacial properties via SH-MOKE requires a thorough analysis of multilayer interference effects. With careful modeling, including a complete understanding of the linear optical properties at both and 2, SH-MOKE could become an important technique for the quantitative study of interfaces in thin film magnetic systems.
